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OBESITY HAS EMERGED AS A MAJOR global health concern, affecting at least 10% of the world population (24) . Many factors contribute to the development of obesity, such as genetics and dietary composition; however, the underlying cause leading to the obese state is excess energy intake. While obesity can modulate hypothalamic feeding and energy homeostasis, recent evidence suggests that obesity can also affect physiological processes other than energy homeostasis (27) . It was recently demonstrated that mice fed a high-fat diet (HFD) developed atypical behavioral circadian rhythms (27) . First discovered in the fruit fly, the molecular circadian clock acts through a negative feedback loop (28) . In general, the cycle is divided into a positive and negative arm. The positive arm of the mammalian circadian cycle is composed of the transcription factors circadian locomotor output cycles kaput (Clock) and brain and muscle Arnt-like-1 (Bmal1) (5, 17) . Following their transcription and translation, CLOCK and BMAL1 heterodimerize and enter the nucleus to initiate transcription of the Period (Per1-3) and Cryptochrome (Cry1, Cry2) genes (20, 29, 48, 54) . Similarly, a PER-CRY complex is formed and subsequently enters the nucleus, inhibiting the activity of CLOCK-BMAL1, thus suppressing its own transcription, as well as other genes induced by CLOCK-BMAL1 (42, 54) . The orphan nuclear receptor REV-ERB␣ forms an additional feedback loop, inhibiting the transcription of Bmal1 (41) . Additionally, transcription of Rev-erb␣ is under the control of CLOCK-BMAL1. This self-sustained oscillator generates a nearly 24-h rhythm and is synchronized by external factors, including light, activity, and feeding (2, 33) . Although the core molecular circadian clock only comprises a small number of genes, the clock proteins play a significant physiological role acting as transcription factors for an ϳ10% of the entire transcriptome (12, 40) . Circadian dysregulation can, therefore, lead to the onset of numerous pathologies, including obesity and metabolic disease (49) .
Studies have demonstrated the detrimental effects of high-fat diets and, in particular, saturated fatty acids (SFAs), on energy homeostasis, obesity, and inflammation (26, 34) . Mice subjected to an ad libitum high-fat diet show altered rhythms in core clock gene mRNA expression and in clock target genes involved in metabolic homeostasis (3, 19, 43) . Conversely, disruptions in clock genes can cause alterations in normal energy homeostasis. For instance, Clock mutant mice, lacking one of the core elements of the molecular circadian clock, rapidly gained weight compared with wild-type mice and showed signs of metabolic disease (49) , emphasizing the importance of the endogenous clock in energy homeostasis.
Interestingly, polyunsaturated fatty acids (PUFAs) have now been identified as putative agents to ameliorate the negative effects associated with obesity (8, 18) . The effects exerted by both SFAs and PUFAs on obesity are accomplished, in part, through modulating hypothalamic cell biology. Although the bidirectional relationship between obe-sity and circadian rhythms has been recognized, few studies have examined the effects of SFA on the circadian molecular clock. Furthermore, the role of PUFAs on circadian rhythms remains to be elucidated. Importantly, little is known with respect to the role of fatty acids and circadian rhythms within the hypothalamus; thus, we have studied this issue using a clonal, hypothalamic cell line. The heterogeneity of the hypothalamus and previous lack of appropriate hypothalamic models has interfered with gaining insight into this relationship. We have addressed this issue by generating an array of immortalized, clonal hypothalamic neurons (4) . Among these novel cell lines, the mHypoE-37 neuronal cells endogenously express key circadian molecular genes and will be used to test the general hypothesis that PUFAs can protect hypothalamic neurons against SFA-induced changes in circadian rhythms.
MATERIALS AND METHODS
Cell culture techniques. mHypoE-37 neurons were grown in DMEM (Sigma-Aldrich, Oakville, Ontario, Canada) containing 5.5 mM glucose, supplemented with 5% FBS (Gibco, Burlington, Ontario, Canada), and 1% penicillin-streptomycin (Gibco), as previously described (4) . Cultures were kept in standard cell culture conditions (37°C, 5% CO 2, in humidified incubators). The cell line was previously characterized for a number of markers (4) . The mHypoE-37 cell line was chosen due to its robust circadian clock gene rhythms, and its responsiveness to palmitate. This study used four distinct sets of experiments: 1) neurons that were untreated to examine basal expression patterns, 2) neurons treated with the saturated fatty acid palmitate, 3) neurons treated with the unsaturated fatty acid DHA, and 4) neurons pretreated with DHA followed by a combination of fatty acid treatments. In all experiments, 12 h prior to the serum shock, FBS-containing media were aspirated and replaced with media lacking FBS. Following serum starvation, cultures were shocked with 30% FBS (vol/vol) for 30 min; completion of the serum shock was considered time point 0. Serum starvation leads to quiescence of cells, and the subsequent serum shock synchronizes the cells (30) . To determine basal expression, cells were placed into serum-containing media following the serum shock. RNA was then isolated every 3 h over a 36-h period. To determine the effects of fatty acids on inflammatory and orexigenic markers, cells were placed in culture media containing either 25 M palmitate or water (Thermo Scientific, Nepean, Ontario, Canada), or 25 M docosahexaenoic acid (DHA) or dimethylsulfoxide (DMSO, Sigma-Aldrich) immediately following serum shock. RNA was isolated every 3 h over a 36-h period. To determine the effects of DHA, after starvation, cells were pretreated with either 25 M DHA (dissolved in Ͻ0.1% vol/vol DMSO) or DMSO vehicle (Ͻ0.1% vol/vol) for 1 h. The cells were then synchronized by a 30% FBS shock. Subsequently, the medium was replaced with treatment media containing either cotreatment of DHA and palmitate, or vehicle (DMSO and water, respectively). Thus, four groups of treatments were compared: vehicle control (DMSO-water), treatment with palmitate only (DMSO-palmitate), pretreatment with DHA only (DHA-water), and pretreatment with DHA followed by cotreatment of DHA and palmitate (DHA-palmitate). RNA was isolated every 3 h over a 24-h period. For a fifth experiment, cells were serum-starved for 12 h, followed by replacement with 5.5 mM glucose, 5% FBS media supplemented with either 25 M palmitate, 25 M DHA, water, or DMSO (Ͻ0.1% vol/vol). Protein was harvested before (time 0) and 30 min, 2 h, and 4 h after media change.
Fatty acid preparation. An initial 100-mM stock concentration of palmitate was made by heating 27.8 mg of sodium palmitate (SigmaAldrich) in 1 ml of molecular grade water (Thermo Scientific, Nepean, Ontario, Canada) at 60°C. DHA was diluted to an initial 100-mM stock solution using DMSO. Subsequently, a 25-mM working stock was made for both palmitate and DHA using water and DMSO, respectively. The final experimental concentration of 25 M palmitate and DHA was made by diluting the working concentration in culture media with or without FBS. It should be noted that a dose curve from 10 to 100 M of palmitate was performed prior to the circadian analysis to determine the sensitivity of the mHypoE-37 neurons to palmitate. It was found that at a concentration higher than 25 M of palmitate, the cells underwent significant cell death, and therefore, this was used as the maximal concentration of palmitate in this study. This is in contrast to the mHypoE-44 cell line used previously in studies with palmitate that could withstand concentrations of palmitate from 200 to 1,000 M (15, 34), indicating that specific neuronal cell types have distinct sensitivity to FFAs, likely depending upon the coexpressions of receptors and signal transduction machinery involved in FFA signaling.
Semiquantitative RT-PCR. Total RNA was isolated as previously described (4) . Reverse transcription and PCR amplification was performed using SuperScript III One-Step RT-PCR System (Invitrogen, Burlington, ON) with sequence-specific primers. PCR products were subjected to 2% agarose gel electrophoresis and were visualized under UV illumination using the Kodak Image Station 2000R.
Quantitative RT-PCR. Total RNA extraction and reverse transcription were performed as previously described (4, 15, 16) . In brief, RNA was isolated using a modified guanidinium thiocyonate method. Prior to the generation of cDNA, genomic DNA was eliminated using the Turbo DNase kit (Ambion, Streetsville, Ontario, Canada). Singlestranded cDNA required for real-time quantitative RT-PCR (qRT-PCR) was synthesized using the high-capacity cDNA reverse transcription kit (Applied Biosystems) as per the manufacturer's instructions. cDNA was amplified using a qRT-PCR master mix (Platinum SYBR Green qPCR SuperMix-UDG with ROX; Invitrogen) and gene-specific primers. Samples and reagents were loaded in triplicate into 384-well plates and placed in an Applied Biosystems (Applied Biosystems) Prism 7000 Sequence Detection System (SDS) machine for amplification and detection. Results were analyzed using the Applied Biosytems SDS version 2.4 software.
Western blot analysis. Cells were treated as described above, and protein was harvested at 0, 30 min, 2 h, and 4 h after media change, using 1 ϫ cell lysis buffer (Cell Signaling) supplemented with 1 mM PMSF, 1% phosphatase inhibitor cocktail 2 (Sigma-Aldrich), and 1% protease inhibitor. A total of 25-30 g of protein was subjected to 8% SDS-PAGE, and transferred onto a 0.22-m PVDF membrane (BioRad, Mississauga, ON, Canada). Membranes were blocked for 1 h at room temperature in Tris-buffered saline with Tween-20 buffer (0.1% TBS-T) and 5% nonfat dry milk followed by an overnight incubation with phospho-specific or total antibodies (1:1,000; Cell Signaling Technology, Danvers, MA). Blots were then washed in 0.1% TBS-T and incubated with HRP-conjugated secondary antibodies (1:5,000; Cell Signaling Technology) for 1 h at room temperature. Bands were visualized by enhanced chemiluminescence using ECL Select Western blotting detection reagent (GE Healthcare Life Sciences, Pittsburgh, PA) and quantified using Kodak Image Station 2000R software. Obtained values were normalized to total protein or G-␤ accordingly.
Statistical analysis. The relative mRNA expression of each replicate was calculated by normalizing and standardizing the gene of interest to the expression of Histone 3a (16) . mRNA transcript levels were first tested for circadian (ϳ24 h) expression using CircWave v1.4 (39) . CircWave uses a linear harmonic regression fit that describes the data by adding harmonics to the principal wave function; it assumes a period of 24 h. Then, the exact period (i.e., the time that is needed to fulfill a complete cycle), amplitude (i.e., the difference between the peak or trough and the mean value of a cosine curve), acrophase (i.e., the phase angle of the peak of a cosine curve), and mesor (i.e., the average value around which the variable oscillates) of each gene were determined using cosinor analysis with the statistical software OriginPro: Release 8.5 (OriginLab, Northampton, MA) using the following equation: y ϭ mesor ϩ amplitude·cos{[2·pi·(x-acrophase)]/period}. According to the nature of data, one-way ANOVA, followed by a post hoc test as indicated in the figure legend, or Student's t-test were conducted using GraphPad Prism 6 (GraphPad Software, San Diego, CA) to determine statistical differences between treatment groups. P values Ͻ0.05 were considered significant.
RESULTS

mHypoE-37 neurons exhibit robust circadian rhythms.
Evidence suggests that every tissue or cell possesses the ability to exhibit a circadian rhythm. Additionally, it is well known that transcript levels of core circadian genes oscillate in a ϳ24-h rhythm. To test this theory and establish a functional cellular circadian model, the mHypoE-37 neurons were used, as this cell line expresses the core circadian genes Bmal1, Per2, Rev-erb␣, Clock, and Cry1, in addition to genes involved in energy homeostasis and inflammation, such as AgRP, IL-6, and TLR4. Under confocal microscopy, mHypoE-37 cells exhibited classical neuronal morphology in culture.
We evaluated whether the mHypoE-37 neurons express the core circadian genes Bmal1, Per2, Rev-erb␣, and Clock in a circadian manner by harvesting RNA from cultures over a 36-h time course. Bmal1, Per2, and Rev-erb␣ were all found to have period lengths of ϳ24 h (23.73 Ϯ 0.72 h, 22.88 Ϯ 1.21 h, and 28.28 Ϯ 1.80 h, respectively; n ϭ 3) (Fig. 1A , i-iii, Table 1 ). All three genes showed consistent, robust rhythms in each replicate. The transcriptional profile of Clock did not oscillate in a circadian manner (period 35.25 Ϯ 5.76 h; Fig. 1A , iv, Table 1 ). Further, Cry1 displayed a circadian rhythm (period 23.24 h Ϯ 3.18 h; data not shown). Moreover, it is well established that the mRNA transcripts of the negative and positive arms of the circadian cycle oscillate in opposing phases (42, 54) . Indeed, a superimposition of the transcriptional profiles of Bmal1-Per2 and Bmal1-Rev-erb␣ revealed that these genes cycle in opposing phases (Fig. 1B) . Given that the mHypoE-37 cells possess the necessary molecular circadian machinery and cycle in a rhythmic manner reflective of the physiological arms of the circadian clock, we postulated that this cell line functions as a viable model for circadian molecular studies.
Saturated fatty acid palmitate significantly alters circadian rhythms. To explore the effect that SFAs have on the molecular circadian system, the mHypoE-37 neurons were treated with the 16-carbon, saturated fatty acid palmitate. Transcriptional analysis included an examination of the expression profile of each gene for changes in period length, amplitude, and acrophase. When analyzed using CircWave V1.4, Bmal1, Per2 and Rev-erb␣ mRNA expression significantly matched a 24-h cosine wave (P Ͻ 0.01, P Ͻ 0.05, and P Ͻ 0.05 respectively, Fig. 2 , Table 1 ).
Transcript levels of the examined genes throughout the 36-h time course were compared between the palmitate-treated and control group. A two-way ANOVA with post hoc t-test showed a significant upregulation of Bmal1 transcript levels at individual time points within the first 24 h after synchronization in the palmitate-treated group compared with the control group. This Values are expressed as means Ϯ SE. mRNA expression levels were analyzed by quantitative RT-PCR and subsequently analyzed by cosinor analysis. This table gives a summary of the calculated period lengths, amplitudes and acrophases, per gene per experiment. Curve fit R 2 indicates the goodness of the curve fit. P values indicate outcome of a Student's t-test between palmitate-treated cells and water controls. For the DHA-palmitate experiment, P values represent the significant outcomes of the post hoc Tukey's test after significance was reached in a two-way ANOVA for factors time and treatment (time: P Ͻ 0.001; treatment: P ϭ 0.004; time ϫ diet: P Ͻ 0.001).
upregulation was significant at 3, 6, 12, and 21 h after synchronization ( Fig. 2A, i) . When comparing Per2 mRNA expression at individual time points, there was a significant downregulation at 15 h, and a significant upregulation at 21 h after synchronization in the palmitate-treated group compared with the control group (Fig. 2B, i) . Rev-erb␣ transcript levels were significantly upregulated in the palmitate group compared with the control group at 3, 27, and 30 h after synchronization (Fig. 2C, i) . Next, we used a cosinor analysis using OriginPro to describe and compare the circadian expression pattern between the groups. This cosinor analysis did not reveal significant differences in period or amplitude between control and palmitate-treated groups for Bmal1, Per2, and Rev-erb␣ ( Fig.  2A, ii, B , ii, C, ii; Table 1 ) or Cry1 (data not shown). The circadian profiles were also examined for changes in acrophase, the time at which the cycle peaks. Palmitate exposure caused a phase delay of 1.4 h in both Bmal1 and Rev-erb␣, but this did not reach significance (Fig. 2 and Table 1 ).
Taken together, these results suggest that palmitate can significantly alter the circadian clock at the molecular level, suggesting a dysregulation of basal circadian clock function.
Twenty-five micromoles of palmitate does not induce cellular inflammatory markers. Fatty acids have recently been identified as a mediator of hypothalamic inflammation commonly associated with obesity (10) . Therefore, the effect of palmitate on the transcript levels of key inflammatory genes was investigated. In the mHypoE-37 neurons, markers of cellular inflammation, TLR4, IB␣, and IL-6, were found to be expressed at levels detectable by qRT-PCR. Furthermore, qRT-PCR analysis revealed minor, insignificant increases in IL-6 and TLR4 transcript levels in the palmitate-treated cells compared with the control group, while nonappreciable changes were observed in IB␣ (Fig. 3, A-C) .
Furthermore, fatty acids have been found to alter levels of specific neuropeptides involved in energy homeostasis (7, 36) . As such, transcript levels of the orexigenic neuropeptide AgRP were examined following palmitate treatment. AgRP mRNA levels did not fluctuate, and expression levels were not significantly different between the palmitate-treated cells and the control group (Fig. 3D) .
Twenty-five micromoles of DHA downregulates IL-6 mRNA expression. As with the saturated fatty acid experiments, the effects of omega-3 fatty acids on the cellular inflammatory response were also studied. Transcript levels of the proinflammatory cytokine, IL-6, were found to be significantly downregulated between the hours of 21 and 33, inclusively (Fig.  4A) . DHA neither altered the expression of IB␣ nor TLR4 (Fig. 4, B and C) . However, IB␣ was slightly elevated during the second half of the time course, although this did not reach significance. Moreover, no changes were found in the transcription of AgRP throughout the duration of the time course (Fig. 4D) .
Differential effects of DHA and palmitate on the expression levels of Bmal1. To evaluate the effects of the unsaturated fatty acid DHA and to assess whether DHA confers protective effects and prevents alterations in the circadian expression pattern of Bmal1 induced by palmitate, cells were pretreated with DHA (dissolved in DMSO) or DMSO for 1 h prior to synchronization. Following synchronization, cultures were treated with either a combination of DHA and palmitate, or palmitate alone. Given the significant upregulation of Bmal1 induced by palmitate ( Fig. 2A, i) , for the effects of DHA, the focus was on Bmal1.
The 1-h pretreatment with DHA increased levels of Bmal1, as the transcript level of Bmal1 at time point 0 h is significantly higher in the DHA-pretreated groups compared with the vehicle-pretreated groups (Fig. 5A) . The upregulating effect of DHA on Bmal1 transcript levels was significant during the first 6 h after synchronization, compared with the vehicle (DHAwater vs. DMSO-water). Treatment with palmitate increased Bmal1 transcript levels compared with the vehicle-treated groups (DMSO-palm vs. DMSO-water) consistently throughout the entire 24 h, and this difference was statistically significant at the 6-, 9-, 12-, and 15-h time points. In contrast, when the cells were pretreated with DHA, treatment with palmitate only resulted in an upregulation of Bmal1 at the 9-h time point, whereas at the other time points, no differences were observed between the palmitate-and vehicle-treated groups (DHA-palm vs. DHA-water).
Within the palmitate-treated groups, pretreatment with DHA reduced Bmal1 expression 12 h after synchronization compared with the vehicle-treated group, but at the other time points no significant differences were observed, despite Bmal1 levels being consistently lower in the DHA-pretreated group (DHA-palm vs. DMSO-palm). However, the upregulation of Bmal1 by palmitate, as seen in the DMSO-palm group, was less pronounced when the cells were pretreated with DHA (DHA-palm), and the transcript levels rapidly decrease to levels similar to DHA-only treated cells (Fig. 5A) . The peak expression of Bmal1 was delayed in the palmitate-treated groups as compared with the vehicle-treated groups (peak at 9 h in the DMSO-palm and DHA-palm group vs. 3 and 6 h in the DHA-water and DHA-palm group, respectively).
Differential effects of DHA and palmitate on the circadian expression pattern of Bmal1. Fitted curves of the individual data points were calculated using a cosinor analysis (Fig. 5B and Table 1 ). Comparing the fitted curves, it was demonstrated that pretreatment with DHA significantly elongated the period of Bmal1 compared with the nonpretreated groups (DHA-water vs. DMSO-water: P ϭ 0.009 and DMSO-palm: P ϭ 0.005). This elongation was not observed in the DHA-pretreated group followed by palmitate treatment (Fig. 5C ). The amplitude of Bmal1 expression in the palmitate-treated group was significantly higher than in the vehicle-treated group (DMSO-palm vs. DMSO-water: P ϭ 0.003). In the DHA-pretreated groups, palmitate did not lead to an increased amplitude (DHA-palm vs. DHA-water: P ϭ 0.226). DHA phase advanced the period of Bmal1 compared with the vehicle control, regardless of whether the pretreatment was followed by palmitate or vehicle (DMSO-water vs. DHA-water: P ϭ 0.003; DMSO-palm vs. DHA-palm: P ϭ 0.035) (Fig. 5D) . Treatment with palmitate delayed the phase compared with vehicle control, but this was only statistically significant when palmitate was pretreated and cotreated with DHA (DMSO-water vs. DMSOpalm: P ϭ 0.217; DHA-water vs. DHA-palm: P ϭ 0.024). Compared with the vehicle-pretreated groups (DMSO-water and DMSO-palm), pretreatment with DHA caused a significant phase advance. However, DHA pretreatment followed by palmitate (DHA-palm) resulted in an acrophase similar to the vehicle control group (DHA-palm vs. DMSO-water: P ϭ 0.301; Fig. 5E ).
Phosphorylation of GSK and AMPK is not affected by palmitate or DHA. To study putative mechanisms by which palmitate exerts its effects on the clock genes, we focused on glycogen synthase kinase 3␤ (GSK3␤) and AMPK. AMPK, a heterotrimeric protein kinase that functions as a central regu- lator of metabolic processes, has been shown to mediate circadian regulation (reviewed in Ref. 21 ). GSK3␤ is activated by SFAs and can ultimately affect the circadian transcription of Bmal1 (13, 53) . After 12 h of serum starvation, replenishing the cells with fresh media increased levels of phosphorylated GSK3␤, hence inactivating GSK3␤, and reduced levels of phosphorylated AMPK, hence activating AMPK. At 2 h after media change, there was a slight downregulation of pGSK3␤ by DHA, indicating activation of GSK3␤, but this effect was not statistically significant (Fig. 6 ). Neither palmitate nor DHA had a significant effect on the temporal phosphorylation levels of AMPK after 4 h (data not shown).
DISCUSSION
The use of defined cell lines to study the regulation of circadian rhythms allows for a thorough examination of the direct effects of nutrients on specific hypothalamic neuronal populations expressing unique complements of neuropeptides, receptor, and signaling components. While basic levels of clock gene expression can be studied in vivo after HFD exposure, it is difficult to delineate specific mechanisms involved in altered rhythms due to substantial extraneous physiological inputs. The mHypoE-37 cell line strongly expressed Bmal1, Per2, Rev-erb␣, and Cry1 mRNA transcripts, which were found to cycle with a ϳ24-h period, and was, therefore, found to be a valid model for circadian studies. The transcriptional profile of Clock was also analyzed, but was not found to possess circadian properties. Nonrhythmic expression of Clock has been reported in many other cell types, including the GT1-7 neurons, primary retinal tissue, and even primary SCN tissue (17, 22) . The proper time-dependent expression was confirmed by superimposing the transcriptional profiles of Bmal1-Per2 and Bmal1-Rev-erb␣, whereby the transcripts cycle in opposing phases (Fig. 1) . Overall, given that the mHypoE-37 cell line possesses the necessary cellular circadian machinery and that the core circadian genes are expressed in the correct temporal-rhythmic manner, these data validate this cell line as a functional model for circadian molecular studies. Studies have been shown that both palmitate and DHA can cross the blood-brain barrier and can reach the hypothalamus (23, 46) . Thus, treating the mHypo-37 neuronal cells with palmitate and/or DHA is a valid model to test the effects of these fatty acids on hypothalamic clock gene expression. In 2007, Kohsaka et al. (27) demonstrated in mice that a HFD disrupted behavioral and molecular circadian rhythms, indicating that a HFD can affect the central clock, as well as peripheral clocks. In a similar fashion, the mHypoE-37 neurons, indeed, displayed altered circadian rhythms following exposure with the SFA palmitate. Of particular importance, palmitate induced an increase in the expression levels of Bmal1 during the first 24 h, with significant increases at 3, 6, 12, and 21 h after synchronization compared with the control group. Furthermore, palmitate caused a phase delay of 1.4 h in Bmal1 and Rev-erb␣ transcript levels (Fig. 2) . This is in line with a study in which a HFD caused alterations in the expression levels of Rev-erb␣ in adipose tissue. Although this difference was not statistically significant, a shift of this magnitude may be physiologically relevant. REV-ERB␣ protein, which modulates Bmal1 transcription, participates in the regulation of many metabolic processes, including gluconeogenesis and cholesterol homeostasis. Furthermore, daily expression of Reverb␣ controls the circadian rhythm in hepatic lipid metabolism via recruitment of histone deacetylase 3 (14) . Although we present a model here for hypothalamic, peripheral clocks, the alterations in Rev-erb␣ caused by palmitate, could be a putative mechanism through which fatty acids can modulate alterations in genes involved in metabolism, through disruptions in the molecular clock.
Increased levels of Bmal1 mRNA are expected to result in higher levels of BMAL1 protein levels and would lead to an increase in Per mRNA transcription. Interestingly, transcript levels of Per2 were not affected by palmitate. Resilience of Per transcription has been described before. Lee et al. (31) reported only modest increases in Per mRNA levels after overexpression of CLOCK-BMAL in fibroblasts, and compared with other direct target genes, including Rev-erb␣, Per mRNA levels are less easily disturbed (11) . Superimposition of Bmal1 and Per2 expression profiles after palmitate treatment indicated that the two genes continuously cycle in opposing phases, but the ratio between the two genes at each time point changed (Fig. 2D) . The ratio between PER-CRY and CLOCK-BMAL1 is important for robustness of circadian rhythms (31) . Although palmitate impacted molecular circadian rhythms, palmitate did not alter the expression of either the examined inflammatory markers (IL-6, TLR4, and IB␣) or the orexigenic neuropeptide AgRP mRNA [in accordance with our previous study in the mHypoE-44 cell line (15)], suggesting that the hypothalamic molecular clock is susceptible to palmitate-induced changes, even before the induction of the inflammatory response by high levels of palmitate. Furthermore, it suggests that disruption of the molecular clock is the result of a mechanism distinct from that of hypothalamic cellular inflammation or ER stress-induced cell death (15, 34) . SFAs can exert their cellular effects through numerous mechanisms, including activation of specific signaling molecules (34, 37) . With respect to signaling molecules, GSK3␤ is activated by SFAs and known to modulate acetylation of proteins (13, 53) . Activation of GSK3␤ can also alter the stability of REV-ERB␣, thereby reducing the suppression of Bmal1 (53) . In the present study, we did not find significant effects of palmitate or DHA on the phosphorylation of GSK, indicating that the alterations in Bmal1 and Rev-erb␣ were independent of GSK activation.
An additional link between metabolism and circadian rhythms is formed by the peroxisome proliferator-activated receptors (PPARs) (51, 52) . PPARs are transcription factors activated by various nutrients, including fatty acids and their derivatives. Although PPARs are expressed mostly in tissues with a high rate of fatty oxidation, they have also been found in the brain (35) . The transcription of Ppar is driven by BMAL1, and PPARs in their turn activate the transcription of Bmal (6, 32) . As PPARs regulate Bmal1 transcription, it can be speculated that nutrients, and, in particular, fatty acids, can influence the molecular clock through PPAR. Conversely to SFA, the omega-3 PUFAs have recently gained much attention for their potential to combat obesity and Type 2 diabetes mellitus (9, 25, 44) . However, there is a paucity of studies examining their effects on circadian rhythms. This study is the first to examine the effects of omega-3 PUFAs on the molecular circadian clock. To assess the effects of DHA on the molecular clock, and to test the potential protective ability of DHA, the mHypoE-37 neurons were pretreated with DHA to determine potential rescue from palmitate-mediated disruption of basal circadian patterns. Given that palmitate most significantly altered the expression profile of Bmal1, for DHA, we focused our attention on Bmal1.
In Fig. 5 , we show that palmitate increased the amplitude of Bmal1, whereas no effects were observed on period length or on acrophase. The increased amplitude in the DMSO-palmitate group is comparable to the observed upregulation of Bmal1, as presented in Fig. 2 . The difference between these two groups is, that in the first experiment, palmitate was dissolved in water, whereas in this experiment, it was dissolved in DMSO. In contrast to palmitate, DHA alone had no effect on the amplitude of Bmal1, whereas it increased period length and phase advanced Bmal1 expression compared with the vehicle control (DHA-water vs. DMSO-water). These results show that both palmitate and DHA can affect the circadian expression pattern of Bmal1, although the effects on amplitude, period, and acrophase are different between the two fatty acids.
Furthermore, a putative protective effect of DHA was studied by pretreating the cells with DHA followed by cotreatment with DHA and palmitate. Compared with cells that only received DHA (pre)-treatment, DHA followed by DHA-palmitate cotreatment (DHA-palm) caused a shortened period and a phase delay, whereas no difference in amplitude was observed. This suggests that palmitate and DHA have differential effects on the expression profile of Bmal1 in this hypothalamic cell model. Although both palmitate and DHA increased Bmal1 transcript levels, the effect of palmitate was later, and lasted longer than the effect of DHA (Fig. 5A) . Interestingly, the significant upregulation of Bmal1 after palmitate treatment was reduced after pretreatment with DHA. This suggests that DHA may protect the cells from palmitate-induced increases in Bmal1 expression. Furthermore, palmitate after DHA pretreatment resulted in a phase advance compared with palmitate without DHA pretreatment. In contrast to DHA alone, palmitate alone did not alter the acrophase of Bmal1, suggesting that DHA has an overriding effect on the phase of Bmal1, when given together with palmitate. In summary, both palmitate and DHA were able to significantly, but differentially, alter the circadian expression profile of Bmal1 in this neuronal cell model. When given together, the putative detrimental effects on circadian parameters were reduced.
The mechanisms through which DHA and palmitate affect Bmal1 are still elusive. As described, PPARs are activated by fatty acids, including omega-3 PUFAs, and can stimulate the expression of Bmal1. How this may differentially alter the circadian expression pattern of Bmal1 requires further analysis. Activation of PPAR␥ by DHA may explain the robust downregulation in IL-6 mRNA expression following DHA treatment, as omega-3 PUFAs have been shown to significantly reduce inflammation, including the transcription and secretion of IL-6 (1, 38). Omega-3 PUFAs are thought to suppress inflammation through PPAR␥ by both its activity as a transcription factor and as an inhibitor of NF-B (47, 50) .
We hypothesized that AMPK could be involved in the protective effect of DHA on the circadian clock for several reasons. DHA can induce activation of AMPK, leading to a decreased cellular concentration of palmitate, thus removing the action of palmitate on the circadian clock. Furthermore, increased AMPK activity can inhibit the transcriptional activation of both PPAR␣ and PPAR␥, thereby reducing the induction of Bmal1 expression (45) . In this study, phosphorylation levels of AMPK were not affected by palmitate or DHA, indicating that the disruptive effects of palmitate within this hypothalamic cell model are independent of AMPK activation. The rapid decrease in AMPK phosphorylation levels after media change indicates that the cells are able to detect changes in nutrient levels and that AMPK activity changes accordingly. It has been shown in another hypothalamic cell line, mHypoE-44, that a substantially higher concentration of palmitate (300 M) increased the phosphorylation levels of AMPK at 24 h (15) . Although this could be true for the mHypoE-37 cells, this would not explain the early increase in Bmal1 transcript levels and suggests that palmitate affects the molecular circadian clock independently of AMPK.
This study presents a novel hypothalamic cell model for the study of the transcriptional and molecular events underlying cellular circadian rhythms, and the potential alterations caused by exposure to dietary components, specifically fatty acids. Herein, the mHypoE-37 cell line has been shown to possess robust rhythmic expression of the circadian clock genes, Bmal1, Per2, and Rev-erb␣, representative of those found in vivo. Additionally, this study is the first to demonstrate that both the saturated fatty acid, palmitate, and the omega-3 polyunsaturated fatty acid, DHA, are able to affect clock gene expression in hypothalamic cells. Furthermore, this study suggests that DHA can ameliorate the disruptive effects of palmitate on the core clock gene Bmal1.
Perspectives and Significance
Disruptions of normal rhythmicity in clock genes can lead to many metabolic disruptions, including altered gluconeogenesis, lipogenesis, and metabolic syndrome. In this study, we demonstrated that palmitate, a saturated fatty acid that is highly abundant in the human diet, is able to alter gene expression of core clock genes in a cellular model of hypothalamic neurons. Although DHA also altered the rhythmic expression pattern of Bmal1, the effect was different from palmitate, and the combination of DHA and palmitate resulted in less pronounced alterations in Bmal1. Although the mechanism via which this occurs is still elusive, we speculate that alterations in the core clock mechanism could lead to alterations in the expression of other factors, including the nuclear hormone receptor PPAR␥, which is known to be involved in lipid oxidation. The exact role of PPAR␥ in the hypothalamus is not yet clear, and studies need to be conducted to assess the involvement of hypothalamic PPAR␥ in energy homeostasis. Overall, these results contribute to the growing understanding of the direct effects that fatty acids may exert on the cellular circadian system, specifically in hypothalamic neurons linked to energy homeostasis.
